Theory of Ultrafast Optical Manipulation of Electron Spins in Quantum Wells 
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Based on a multi-particle-state stimulated Raman adiabatic passage approach, a comprehensive 
theoretical study of the ultrafast optical manipulation of electron spins in quantum wells is 
presented. In addition to corroborating experimental findings [Science 292, 2458 (2001)], we 
improve the expression for the optical-pulse-induced effective magnetic field, in comparison with 
the one obtained via the conventional single-particle ac Stark shift. Further study of the effect 
of hole-spin relaxation reveals that while the coherent optical manipulation of electron spin in 
undoped quantum wells would deteriorate in the presence of relatively fast hole-spin relaxation, 
the coherent control in doped systems can be quite robust against decoherence. The implications 
of the present results on quantum dots will also be discussed. 
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I. INTRODUCTION 

The electron spin, which has been largely ignored in 
conventional charge-based electronics, has now become a 
focus of research due to the emerging field of spintron- 

ics H i i a i i a i i Ea, 111 la n is widely 

believed that incorporating the spin degree of freedom 
in conventional charge-based electronics or using elec- 
tron spin alone as the information carrier will lead to 
various applications in quantum devices. In particular, 
various spin-based quantum cornputer models have been 
proposed [11 El EE 111 IH 111 111 113 ■ 

The development of spintronics largely depends on the 
ability to control electron spins. One of the most ba- 
sic controls is coherent spin rotation, which is tradi- 
tionally implemented by making use of local magnetic 
fields. However, in order to manipulate the desired co- 
herent spin evolution, the magnetic field pulses should 
in general be shorter than the electron spin coherence 
time, which is typically on the order of nanoseconds [2l| . 
Unfortunately, a sub-nanosecond magnetic field source 
is technologically inaccessible at present. Very recently, 
several theoretical studies have considered the possibil- 
ity of manipulating electron spin in solids by all- optical 
means H 0, ^2 ■ This approach has significant advan- 
tages since the laser field is much more controllable than 
its magnetic- field counterpart, and tunable femtosecond 
lasers are now commercially available. In fact, the ultra- 
fast optical manipulation of electron spins in quantum 
wells has been demonstrated experimentally The re- 
sult has been understood in terms of an effective mag- 
netic field arising from the ac Stark shift of the single- 
electron state 3,22]. 

In this paper, we present a many-particle-state theory 
for the ultrafast optical manipulation of electron spins 
in quantum wells via the stimulated Raman adiabatic 
passage (STIRAP) control scheme, in which the effect 
of Pauli exclusion will be fully taken into account. Fur- 



thermore, the consequences of hole-spin relaxation in the 
valence band will be analyzed in detail, for both an un- 
doped system closely related to the experiment of Ref. 
l2 and a doped system which has not yet been experi- 
mentally investigated. The remainder of this paper is 
organized as follows. In Sec. II, the concept of effective 
magnetic field, which is crucial to the optical manipu- 
lation of electron spin, is introduced first by considering 
the ac Stark shift of single-particle state. A many-particle 
STIRAP approach to coherent spin control is then pre- 
sented, together with numerical and perturbative results. 
The effect of hole-spin relaxation is studied in Sec. III. 
Doped systems will be considered in Sec. IV, where both 
the control of STIRAP manipulation and the effect of 
hole-spin relaxation are studied in comparison with their 
undoped counterparts considered earlier. Finally, con- 
cluding remarks are presented in Sec. V. 



II. COHERENT MANIPULATION 

ac Stark Effect and the Description of Effective Mag- 
netic Field. — The basic idea of an optical approach to 
manipulating electron spin is to make use of an off- 
resonance laser pulse to induce ac Stark shifts, which 
are in turn equivalent to an effective magnetic field 
HI 1^ This idea has recently been employed to ma- 
nipulate electron spin in undoped semiconductor quan- 
tum wells 0. Initially, an electron is pumped from the 
valence band to the conduction band by a resonant laser 
pulse along the z-direction and with (T+-polarization. 
The resultant state diagram is shown in Fig. 1(a), where 
all the states are in the "z" -representation [2y|. In the 
absence of magnetic field, the lowest conduction-band 
(CB) level is two-fold degenerate, denoted by spin states 
I ± l/2)c; and the valence-band (VB) states are denoted 
by I ± 2>/2)y and | ± l/2)t,. Here, we have taken into ac- 
count the splitting of the valence band-edge states from 
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A, 

FIG. 1: Diagram of band-edge states of undoped quantum 
well after optically exciting an electron from the valence to 
the conduction band, (a) Two degenerate state configurations 
with different electron spin in the conduction band, between 
which quantum coherent oscillation is to be performed, (b) In- 
termediate states which mediate transition between \tpo) and 
lipi) during the optical manipulation. 



the original four-fold degenerate states into two two-fold 
degenerate states, due to the breakdown of the symmetry 
of the quantum well. Further consideration of the exciton 
effect leads to the shifted electron-hole transition ener- 
gies, E^Xi = (Ec-EyJ-Uxi andEx^ = {Ec-Ey^)-Ux2- 
Here Ec, E^^ and Ey^ denote the energies of | ± l/2)c, 
I ±3/2)^ and |±l/2)^, respectively, and Uxi and Ux2 are 
the Coulomb interaction (attraction) energies of the cor- 
responding electron- hole pairs. The discrete-level model 
of Fig. 1(a) for a quantum well is based on two considera- 
tions: (i) the initial preparation of the electron-hole pair 
is accomplished by the resonant excitation between the 
band-edge states; (ii) the subsequent off-resonant optical 
manipulation involves only the band-edge states because 
of the negligibly small momenta of the photons causing 
only vertical (and also virtual) transitions. Therefore, 
states in the diagram shown in Fig. 1(a) should be un- 
derstood as the band-edge states. 

To manipulate the electron spin in the conduction 
band, let us apply a below-band-gap (negative-detuning) 
laser pulse of the same cr+-polarization but along the x- 
direction. This laser induces | — \/2)c.x \ — i/'^)v,x and 
|l/2)c,a; I — l/2)«,a; transition couplings between the 
specified states in the "a;" -representation. Other transi- 
tions are forbidden due to the selection rule. It is well 
known that this kind of off-resonance coupling will cause 
ac Stark shifts of the relevant energy levels. In particular, 
from second-order perturbation theory the energy shifts 
of the CB states | — l/2)c.2; and |l/2)c.2; can be estimated 



as 0: 

A£;l-/, = |^-i/2,-3/2lVAi, (la) 
^Elf^ =1 yi/2,_i/2|VA2. (lb) 

Here, Ai = Ex^ — fiLOp and A2 — Ex2 — are 
the detunings of the photon energy {hujp) with respect 
to the excitation energies from the heavy and light va- 
lence band states, respectively, to the conduction band 
state. y_i/2,-3/2 and V1/2.-1/2 are the coupling ma- 
trix elements of the laser with the electron-hole pair 
states. Explicitly, from energy-band theory [23|, the spa- 
tial wave- functions of the considered states are composed 
of the Bloch functions \S), \X), \Y) and \Z). Denoting 
17 = eEQ{S\x\X) = eEo{S\y\Y) = eE(t{S\z\Z), the cou- 
pling matrix elements read 

F_i/2,_3/2 = e£;oc,2;(--l/2|f • e| - 3/2)„,^ 

= -ieE(i{S\v + iz\Y - iZ) /V2 = ~iV2n, (2a) 

^1/2,-1/2 = eSoc,.(l/2|r • el - 1/2),,, 

= ieEo{S\y + iz\Y-iZ)/V6^iy/2/3n. (2b) 

Here the equation f ■ e = y + iz stems from the cr"*"- 
polarization and x-direction propagation of the laser 
pulse. 

In practice, the ac Stark shifts can be conveniently 
described as an effective magnetic field Beff along the 
manipulating laser direction. In terms of the CB level 
sphtting 5c B — AE'2y2 ~ ^^1/2^ effective magnetic 
field reads 

Beff = ScB/{9e^^B)■ (3) 

Here is the Lande-g factor and /is is the Bohr magne- 
ton. In addition, the duration of this effective magnetic 
field is equivalent to the duration of the laser-pulse, which 
can be as short as femtoseconds. This effective magnetic 
field description can be further elaborated as follows. The 
initially created CB electron spin state |l/2)c is an eigen- 
state of the Pauli operator tr^. It can be expressed in 
terms of the eigenstates of ax as \'^{t = 0)) = |l/2)c = 
^ (|l/2)c,£c + I — l/2)c,x)- Upon switching on the off- 
resonance laser pulse along the a;-direction, the ac Stark 
shifts AE'^^^2 would result in a relative phase difference 

(j) — (A£^[^2 ~ Ai?^'^^2)^j between the states |l/2)c,a; and 
I — l/2)c.2;. Recasting |5'(t)) in the (Tz-eigenstate repre- 
sentation leads to |*(i)) = cos ||l/2)c + i sin 1 1 - 1/2)^. 
Clearly, the off-resonant laser pulse along the x-direction 
plays the role of an effective magnetic field pulse with 
magnitude determined by Eq. 10). 

Many-Particle STIRAP Approach. — In the follow- 
ing we present an improved effective magnetic field de- 
scription based on a many-particle state STIRAP ap- 
proach. This approach is a direct generalization of the 
single-particle STIRAP in quantum optics 28] that takes 
into account the multi-electron occupation of the valence 
band. The effective coupling between |l/2)c and | — l/2)c 
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will then be established via a number of intermediate 
many-electron states as depicted in Fig. 1(b). 

For convenience, we introduce Fock's particle-number 
representation to denote the multi-electron state. For 
instance, we denote \ipo) = |1, 0; 0, 1, 1, 1), and IV'i) = 
|0, 1; 0, 1, 1, 1), where "1" ("0") stands for the occupation 
(vacancy) of the individual single particle states, which 
correspond to, respectively, the CB states | =F l/2)c, and 
the VB states | =F 3/2)i, (heavy holes) and | T 1/2)^ (light 
holes) . Under the action of the off-resonance laser pulse 
described previously, the CB states will be virtually cou- 
pled to the VB states. As a consequence, a number of 
intermediate virtual states establish an effective interac- 
tion between \tpo) and Depending on the polariza- 
tion of the laser pulse, selection rules only allow the fol- 
lowing intermediate states 27,^: IV'2) = |0, 0; 1, 1, 1, 1), 
IV3) = |1,1;0,1,1,0), 1^4)'= |1,1;0, 0,1,1), and IV5) = 
|1,1;0,1,0,1). Also, based on the selection rule, a possi- 
ble state, iV'i) = |0, 1; 1,0, 1, 1), may be correlated with 
the initial state lipo). All these relevant multi-electron 
states are shown in Fig. 1(b). In the absence of spin 
relaxation, the subspace spanned by these basis states 
is complete for the evolution of the system. We refer 
to this subspace as coherent subspace, and denote it by 
M™'' = {\tpi),i = 0,1,1,2,3,4,5}. In M'^"^ the driving 
Hamiltonian (in the interaction picture) reads 
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Here A'^ = Ai + Uxx, and A^ = A2 -f Uxx, where 
Uxx is the Coulomb repulsive energy of two excitons 
that appear in the intermediate virtual states. In Eq. 

— ei?o('0i|^'£|V'j) describes the laser-induced coupling 
between the conduction and valence band states. Similar 
to the calculation in Eq. Q , ^ij can be straightforwardly 
determined by using 

eEQ{S\y + iz\X + iY) = iQ, (5a) 
eEo{S\y + iz\X ^ iY) = -in, (5b) 
eEo{S\y + iz\Z) = iQ. (5c) 

Note that here all the states are expressed in the "z"- 
representation, while the states in Eq. jSJl are in the 
"x" -representation. Explicitly, we obtain 1^20 = ^^41 = 
-^140 = -f^2i = -f^/\/2, n^o = f^31 = ^/VQ, f^30 = 

In analogy to the (three-state) A atomic system in 
quantum optics |2||, the problem under study can now 
be solved via a many-particle multi-state STIRAP ap- 
proach. Before giving a numerical demonstration, let 
us consider an effective many-particle two-state Hamilto- 
nian approach to the description of the STIRAP coupling 
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FIG. 2: Coherent manipulation of electron spin in the ab- 
sence of hole spin relaxation in the valence band, (a) Laser- 
induced Rabi oscillation between the spin-up and spin-down 
states, where the results depicted by the solid, dotted and 
dashed curves are respectively from three approaches: the di- 
rect numerical calculation with the coherent subspace Hamil- 
tonian of Eq. , the effective two-state multi-particle STI- 
RAP Hamiltonian of Eq. or Q , and the analysis based 
on the single-particle-state picture of Eq. @. (b) The corre- 
sponding effective magnetic fields extracted from these three 
methods. Here Ai denotes the detuning. 



between |-0o) and \ipi)- Notice that |'0o) also virtually 
couples to IV'i) through two paths [cf. Fig. 1(b)] via the 
intermediate states IV'2) and |^/'4), respectively. However, 
their opposite excitation configurations lead to cancella- 
tion of these two paths due to destructive interference, 
provided that the magnitude of the detuning is much 
larger than the exciton interaction energy Uxx- The 
above analysis will be verified numerically soon. There- 
fore, we may only need to consider the two paths con- 
necting \ipo) and via 1-03) and IV's)- Adiabatically 
eliminating the intermediate states leads to the effective 
two-state multi-particle STIRAP Hamiltonian [2^ 

H,ff = -fi(|Vo)(V'i| + l^i)(0o|)/2, (6a) 

with the Rabi frequency 

f}/2= |r!3ir!3o + r!5if^5o|/A^. (6b) 

By identifying the Rabi frequency with the Larmor fre- 
quency of spin precession around a magnetic field, the 
effective magnetic field can be defined as 



eff 



f^/(5eMs) 



(7) 



Remarkably, the following numerical calculation will 
demonstrate that this is a considerable improvement over 
Eq. ||2Jl, as a result of taking into account the multi- 
electron occupation in the valence band. 

Numerical Results. — In accordance with the experi- 
ment of Ref. U where the spin rotation period under 
optical manipulation is on a timescale of picoseconds, we 
choose the following parameter values in our numerical 
study: the Rabi frequency Q = A meV, the detuning pa- 
rameters Ai = ion and A2 = 11.5 il, and the exciton 
Coulomb interaction energy Uxx — 0.5 57. Figure 2(a) 
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depicts the laser induced Rabi oscillations between the 
spin-up and spin-down states of the CB electron. We 
present results from three approaches: the direct numer- 
ical calculation with the coherent subspace Hamiltonian 
of Eq. |@J, the effective two-state multi-particle STIRAP 
Hamiltonian of Eq. © or lO, and the analysis based on 
the single-particle-state picture of Eq. (PJ . We find that 
the effective two-state multi-particle STIRAP Hamilto- 
nian approach gives a result almost identical with the 
exact numerical calculation, while the result based on 
the single-particle ac Stark shift differs considerably. As 
we have already analyzed, the Rabi oscillation of spin 
can be equivalently described as a the Larmor preces- 
sion around an effective magnetic field. In Fig. 2(b) we 
show the effective magnetic field complementary to the 
Rabi oscillation in Fig. 2(a). In the adiabatic regime (i.e. 
the large detuning case), the multi-particle-state-based 
effective magnetic field given by Eq. ||7J| can precisely de- 
scribe the CB electron spin rotations. In contrast, the 
single-particle-state-based counterpart given by Eq. Q is 
inaccurate and will cause considerable errors in practice. 

So far, we have only considered the rotation of the 
conduction electron spin. Now we briefly discuss the 
possible effects of hole-spin rotation, which has been typ- 
ically ignored in the analysis of Faraday rotation experi- 
ments 13, because of its rapid relaxation with respect 
to the conduction electron spin. In general, the hole- 
spin rotation should also affect the Faraday rotation sig- 
nals in the coherent (or short-time) regime. Interestingly, 
it can be shown that for the specific optical excitation- 
manipulation setup studied in this work, the off-resonant 
laser along the cc-direction rotates only the conduction 
electron spin but does not affect the hole spin at all. Of 
course, both the electron and hole spins would be ro- 
tated if the manipulating laser propagates along a differ- 
ent direction. Probing both the electron and hole spin 
rotations should be an interesting subject of Faraday ro- 
tation experiments in general. 



III. EFFECT OF HOLE SPIN RELAXATION 

In reality, both the CB electron spin and VB hole spin 
will suffer environment-induced scattering, and have fi- 
nite decoherence times. In Ref. electron-hole recom- 
bination was considered the dominant source of deco- 
herence for quantum dots. For the quantum well stud- 
ied in this work, however, the dominant source of deco- 
herence should be the VB hole-spin relaxation. It typ - 
ically occurs in a matter of picoseconds 0, 0, |^ l33 |. 
much shorter than the typical timescale of nanoseconds 
for electron-hole recombination and CB electron spin re- 
laxation 4, . 2^1] . 

The hole-spin relaxation involves the following inco- 
herent VB state jumps: |3/2)t, ^ | — 3/2)^, |l/2)„ ^ 
I - l/2)„, and I ± 3/2)„ ^ | ± l/2).„. These pro- 
cesses can be described with the spin-jump operators 
Si = \- 3/2),(3/2|, S2 = \~ 1/2).(1/2|, and ^3,4,5,6 = 




50 100 150 200 

time t (in units: MQ.) 

FIG. 3: Hole spin relaxation effect on the manipulation of 
the conduct ion- band electron spin, in the absence (a) and 
presence [(b) and (c)] of pre-relaxation of the hole spin, re- 
spectively. 



I ± 1/2) I, (±3/2 1, respectively, together with their Hermi- 
tian conjugates. In particular, we employ the well-known 
Lindblad master equation to address the hole spin relax- 
ation effect, which reads l29l| 



(8) 



The Lindblad superoperators are D[Sj] — ^{S^Sj, p} — 

SjpS] and D[s]] = i{5'jS'],p} - S]pSj, associated with 
the hole-spin relaxation strengths of jj and 7^, respec- 
tively. In the following numerical studies we assume an 
identical strength of jj = = 70 = O.IQ.. This choice 
assumes a similar timescale for the hole-spin relaxation 
and the laser-induced Rabi oscillation period of the elec- 
tron spin. It thus allows us to demonstrate in a transpar- 
ent manner the effect of hole-spin relaxation on optical 
manipulation. Also, this choice is qualitatively consistent 
with the experiment in Ref. ^ 

In the presence of hole-spin relaxation, the restricted 
subspace M'^°'* constructed for the coherent evolution is 
no longer complete. More specifically, the relaxation 
operators Sj and Sj {j — 1,...6) will cause a leak- 
age of state from the subspace M'^"'*. By applying 
the relaxation operators to the basis states of subspace 
M™^ eight new states outside the subspace Is/V^"^ ap- 
pear. We now denote the expanded Hilbert space by 
= {IV,), z = 0,l,i,2,3,4,5;|i^,),j = I,2,...8}, 
which is complete for the evolution of Eq. JHJ. Using 
the Lindblad equation , in the following we study the 
hole-spin relaxation effect for two possible situations. 

Instant manipulation. — In this case the spin manip- 
ulation is performed right after the generation of the 



electron-hole pair. Figure 3(a) shows the effect of hole- 
spin relaxation on the Rabi oscillation of CB electron 
spin, where we have classified the spin-up and spin-down 
states according to the CB electron spin, i.e., summing 
the probabilities of states with the same CB spin state, 
regardless of the hole spin states of the valence band. The 
result in Fig. 3(a) shows that the hole-spin relaxation will 
significantly influence the optical manipulation of the CB 
electron spin, degrading it out from the desired coherent 
subspace (and into the incoherent regime). Also, dif- 
fering from the conventional decoherence effect on real 
two-state Rabi oscillation, besides the decay of the oscil- 
lation amplitudes in Fig. 3(a), the sum of the probabili- 
ties of spin-up and spin-down states eventually deviates 
from unity. This deviation is caused by the relaxation- 
induced real occupation of the intermediate states, which 
are ruled out from the CB electron spin-up and spin- 
down states. In the above calculation, wc have adopted 
parameters such that the Rabi oscillation of the CB spin 
has a period similar to the hole-spin relaxation time. By 
increasing the laser-system coupling strength, more "co- 
herent" oscillations can be observed. Nevertheless, the 
present result implies that coherent optical manipulation 
in the undoped quantum well is limited by the hole-spin 
relaxation, which is typically on a timescale of picosec- 
onds. 

Manipulation in the presence of hole-spin pre- 
relaxation. — In practice (e.g. in the experiment of Ref. 
1^, the manipulating laser pulse may be switched on with 
a certain delay time after the resonant excitation pulse 
that prepared the initially coherent electron-hole pair. It 
is thus meaningful to show how the pre-relaxation of the 
hole spin affects the subsequent manipulation of the elec- 
tron spin. Before the manipulating laser is applied, the 
fast hole-spin relaxation may have led the valence band 
to a mixed hole state, while the CB electron spin that 
has not yet coupled to the VB state remains in the ini- 
tially prepared pure state. As the manipulating laser field 
is applied, Rabi coupling between the CB pure state and 
the VB mixed state is established, and relaxations among 
several involved multi-particle states occur. The optical 
manipulation in the presence of the above pre-relaxation 
can be described by using the time-dependent Hamilto- 
nian H = Hq + 8(t — T)Hi„t{t) for the same Lindblad 
master equation Here Hq is the field- free system 

Hamiltonian, while Q{t — T)Hint{t), with Q{t — r) being 
the step-function, describes the system's interaction with 
the time r-delayed manipulating laser field. 

Shown in Fig. 3(b) and (c) are the resulting Rabi os- 
cillations of the CB electron spin evaluated with two de- 
lay time values . Compared to the instant manipulation 
counterpart in Fig. 3(a), the results shown here indicate 
that the pre-relaxation of the VB hole spin does not sig- 
nificantly affect the manipulation of the CB electron spin. 
Intuitively, since the VB had been in a mixed state, one 
would not expect any "coherent" signal to appear in re- 
sponse to the optical manipulation, but some coherent 
signal can be seen in the incoherent regime of Fig. 3(a). 
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FIG. 4; Diagram of band-edge states of a doped quantum 
well, (a) Two degenerate state configurations with different 
electron spin in the conduction band, between which quantum 
coherent rotation is to be performed, (b) Intermediate states 
which mediate transition between \ipo) and \tpi} during the 
optical manipulation. Here the detunings A" and A2 differ 
in a certain sense from their counterparts A'l and A2 in the 
undoped quantum well, i.e.. A" = Ai -|- Uex, and A2' — 
A2 -I- Uex, with Uex the Coulomb interaction energy of the 
doped electron and the (virtually) generated exciton. 



This counterintuitive result may be understood by noting 
that in Fig. 3(a) the stationary mixed state is achieved in 
the presence of the laser pulse. In that completely mixed 
state, the CB electron spin jumps incoherently between 
spin-up and spin-down states, and the hole state is not 
at all the pre-relaxed valence band state achieved at the 
end of the first stage in Fig. 3(b) and (c). Thus, the 
laser pulse can still drive coherent oscillation of the CB 
electron spin as in Fig. 3(a). As a matter of fact, the anal- 
_sis presented here corresponds to the experiment in Ref. 

where the tipping laser pulse acted on a pre-relaxed 
state. The experimental result showed that the electron 
spin can still be manipulated via the intermediate mixed 
valence band state by the laser pulse, which is consistent 
with our present understanding. 



IV. 



DOPED SEMICONDUCTORS 



So far our discussion has focused on the undoped semi- 
conductor quantum well, where the excitation pump field 
creates an electron in the CB while leaving a hole in the 
VB. In this section we shall compare it with the doped 
quantum well, in which an excess electron is injected into 
the conduction band, and the valence band remains fully 
occupied. Shown in Fig. 4(a) is the level diagram of a 
doped semiconductor quantum well. Compared with the 
undoped system in Fig. 1(a), no hole exists in the valence 
band of the doped system. However, an electron in the 
VB can be virtually excited to the CB during the manipu- 
lation. This process is described by a number of interme- 
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FIG. 5: Comparison of optical manipulation of the 
conduction-band electron spin in doped and undoped quan- 
tum wells, in the (a) absence and (b) presence of hole-spin 
relaxation. The solid and dashed curves correspond to, re- 
spectively, results of the doped and undoped quantum wells. 

diate states shown in Fig. 4(b). Using the same notation 
as for the undoped system, we denote the initial state as 
\iPq) = |1, 0; 1, 1, 1, 1), the (conduction band) spin-flipped 
state as IV'i) = |0, 1; 1, 1, 1, 1), and the relevant virtu- 
ally excited intermediate states as \^p2) = |1, 1; 1,0, 1, 1), 
IV^s) = |1,1;1,1,1,0), 1^4) = |1,1;1,1,0,1), and l^s) = 
1 1, 1; 0, 1, 1, 1). With the identification of these intermedi- 
ate states, the same analysis as for the undoped system 
can be carried out for both the coherent manipulation 
and the hole-spin relaxation effect. In the following cal- 
culation, we assume Uxx — Uex- Any possible differ- 
ence between them would be minor in comparison with 
the large detuning energy, resulting only in a negligibly 
small change of the Rabi oscillation frequency. As shown 
in Fig. 5(a), the doped and undoped systems have almost 
identical responses to optical manipulation in the absence 
of hole-spin relaxation. However, in the presence of hole- 
spin relaxation, the doped and undoped systems behave 
very differently. As shown in Fig. 5(b), while coherent 
manipulation in undoped semiconductor quantum wells 
is sensitively limited by the hole-spin relaxation that vir- 
tually exists in the intermediate states, optical manipu- 
lation of the doped system is much more robust. This 
result indicates that satisfactory coherent manipulation 
should be achievable in doped systems. 

V. CONCLUDING REMARKS 

To summarize, we have presented a theoretical study 
of the optical manipulation of electron spins in semicon- 
ductor quantum wells. Our results provide not only a 
qualitative account for the experimental findings in Ref. 



0, but also a considerably improved effective magnetic 
field description based on the present many-particle-state 
STIRAP approach. Moreover, we have also analyzed the 
effect of hole-spin relaxation, and showed that while co- 
herent optical control in undoped quantum wells deteri- 
orates significantly in the presence of relatively fast hole- 
spin relaxation, coherent control in doped systems can 
be quite robust against decoherence. 

We would also like to mention that similar analy- 
sis based on the present formalism can be straightfor- 
wardly applied to the optical manipulation of spins in 
quantum dots, a top ic of great interest in recent years 

[iiasiiaisiiiiiiiiiiiiiiiiiiiiiia. in a 

quantum dot, the energy levels are discrete, and thus 
long spin relaxation time are anticipated. In fact it has 
been shown experimentally that in quantum dots both 
the electron and hole spins are almost frozen within the 
electron- hole recombination timescale [s^l, which is on 
the order of nanoseconds or longer. Recent calculations 
predicted that for a typical quantum dot the conduction 
electron spin relaxation time is about 10~^ ~ 10"'* sec- 
onds [3^ . and the hole-spin relaxation time is of order 
10~^ seconds or longer j35|. These results suggest that 
the coherent optical manipulation of electron spins dis- 
cussed in this work can readily be carried out in quantum 
dots. Further, based on the result presented in Sec. IV, 
almost identical control quality within the coherent time 
scale is expected for either doped or undoped systems. 
The latter is in general more experimentally accessible. 
With optical means, the coherent conduction electron 
spin rotation can be performed thousands of times be- 
fore the electron-hole recombination. 

Finally, we remark that the present work has focused 
on quantum wells. Therefore, the applicability of the 
discrete-level model should be restricted to the optical 
manipulation of band-edge states. Also, in our treatment 
the electron-hole Coulomb interaction (exciton effect) is 
only accounted for in terms of some phenomenological 
binding-energy parameters. Although such treatment is 
typical for the optical properties of quantum wells, a 
more sophisticated treatment based on certain advanced 
techniques of many-body theory might be desirable in 
future work. Also, in the study of the hole-spin relax- 
ation effect, the relaxation strengths have been put only 
by hand. To make the study more realistic, it would be 
desirable to present calculations of the scattering rates 
between various states based on the microscopic mecha- 
nisms. 



Acknowledgments. We sincerely thank the gener- 
ous help from Professor YiJing Yan in finalizing the 
manuscript. Support from the Major State Basic Re- 
search Project No. G001CB3095 of China, the Special 
Fund for "100 Person Project" from Chinese Academy of 
Sciences, and the National Natural Science Foundation 
of China is gratefully acknowledged. 



7 



[1] S.A. Wolf, D.D. Awschalom, R.A. Buhrman, J.M. 
Daughton, S. von Molnar, M.L. Roukes, A.Y. Chtchelka- 
nova, D.M. Treger, Science 294, 1488 (2001). 

[2] D.D. Awschalom, J.M. Kikkawa, Phys. Today 52 (6), 33 
(1999). 

[3] J.A. Gupta, R. Knobel, N. Samarth, and D.D. 

Awschalom, Science 292, 2458 (2001). 
[4] J.A. Gupta, and D.D. Awschalom, Phys. Rev. B 63 

085303 (2001). 

[5] Toshimasa Fujisawa, David Guy Austing, Yasuhiro 
Tokura, Yoshiro Hirayama, Seigo Tarucha , Nature (Lon- 
don) 419, 278 (2002). 

[6] Patrik Recher, Eugene V. Sukhorukov, and Daniel Loss, 
Phys. Rev. Lett. 85, 1962 (2000) 

[7] J. Carlos Egues, Guido Burkard, and Daniel Loss, Appl. 
Phys. Lett. 82, 2658 (2003) 

[8] J.A. Folk, R.M. Potok, C.M. Marcus, V. Umansky, Sci- 
ence 299, 679 (2003). 

[9] Xin-Qi Li, Cheng- Yong Hu, Li-Xiang Cen, and Hou-Zhi 
Zheng, Phys. Rev B 66, 235207 (2002). 
[10] C.E. Pryor and M.E. Flatte, Phys. Rev. Lett. 91, 257901 
(2003). 

[11] Pochung Chen, C. Piermarocchi, L. J. Sham, D. Gam- 
mon, and D. G. Steel, Phys. Rev. B 69, 075320 (2004). 

[12] G.A. Prinz, Phys. Today 45(4), 58 (1995); G.A. Prinz, 
Science 282, 1660 (1998). 

[13] D. Loss and D.P. DiVincenzo, Phys. Rev. A 57, 120 
(1998). 

[14] A. Imamoglu, D.D. Awschalom, G. Burkard, D.P. DiVin- 
cenzo, D. Loss, M. Sherwin, and A. Small, Phys. Rev. 
Lett. 83, 4204 (1999). 

[15] G. Burkard, D. Loss, and D. DiVincenzo, Phys. Rev. B 
59, 2070 (1999). 

[16] V. Privman, LD. Vaguer, and G. Kventsel, Phys. Lett. 
A 239, 141 (1998). 

[17] Michael N. Leuenberger, Daniel Loss, Physica E 10, 452 
(2001). 

[18] E. Pazy, E. Biolatti, T. Calarco, LDAmico, P. Zanardi, 

F. Rossi, and P. ZoUer, Europhys. Lett. 62 2003 175. 

e-print cond-mat/0109337 
[19] M. Feng, L D'Amico, P. Zanardi, and F. Rossi, Europhys. 

Lett. 66 (2004) 14. 
[20] P.Solinas, P.Zanardi, N.Zanghi, and F.Rossi, Phys. Rev. 

A 67, 062315 (2003). 
[21] S.A. Crooker, D.D. Awschalom, and N. Samarth, IEEE 

J. Select. Topics Quantum Electron.l, 1082 (1995); S.A. 



Crooker, D.D. Awschalom, J.J. Baumberg, F. Flack, and 
N. Samarth, Phys. Rev. B 56, 7574 (1997). 

[22] M. Arditi and T.R. Carver, Phys. Rev. 124, 800 (1961); 
B.S. Mathur, H. Tang, and W. Happer, Phys. Rev. 171, 
11 (1968); W. Happer, Rev. Mod. Phys. 44, 169 (1972). 

[23] C. Cohen-Tannoudji, J. Dupont-Roc, Phys. Rev. A 5, 
968 (1972). 

[24] M. Combescot and R. Combescot, Phys. Rev. Lett. 61, 
117 (1988). 

[25] M. Joffre, D. Hulin, and A. Migus, Phys. Rev. Lett. 62, 
74 (1989). 

[26] Here the "2" -representation means the combination of 
(T^-representation for electron spin, and 2:-axis as the ref- 
erence direction for the orbital angular momentum. Sim- 
ilarly, the "a;" -representation will be used later. 

[27] G. Bastard, Wave mechanics applied to semiconductor 
Hetero structures (Halsted Press, New York, 1988.) 

[28] M.O. Scully and M.S. Zubairy, Quantum optics (Cam- 
bridge University Press, 1997). 

[29] G. Lindblad, Commun. Math. Phys. 48, 199 (1976). 

[30] Two more considerations are involved in determination 
of the STIRAP intermediate states: (i) The laser can 
only cause vertical excitation of virtual electron-hole pair, 
because of the negligibly small photon momentum, (ii) 
The intermediate state associated with virtual excitation 
of electron-hole pair away from the band edge has no 
effect on the STIRAP process considered here, since it 
does not connect the initial state with the final state as 
shown in Fig. 1(a). 

[31] T. Uenoyama and L.J. Sham, Phys. Rev. Lett. 64, 3070 
(1990). 

[32] Ph. Roussignol, P. RoUand, R. Ferreira, C. Delalande, 
and G. Bastard, Phys. Rev. B 46, 7292 (1992). 

[33] M. Paillard, X. Marie, P. Renucci, T. Amand, A. JbeU, 
and J.M. Grard, Phys. Rev. Lett. 86, 1634 (2001). 

[34] A.V. Khaetskii and Y.V. Nazarov, Phys. Rev. B 61, 
12639 (2000); 64, 125316 (2001); L.M. Woods, T.L. Rei- 
necke, and Y. Lyanda-Geller, Phys. Rev. B 66, 161318 
(2002); LA. Merkulov, ALL. Efros, and M. Rosen, Phys. 
Rev. B 65, 205309 (2002); A.V. Khaetskii, D. Loss, 
and L. Glazman, Phys. Rev. Lett. 88, 186802 (2002); 
J. Schliemann, A.V. Khaetskii, and D. Loss, Phys. Rev. 
B 66, 245303 (2002). 

[35] L.M. Woods, T.L. Reinecke, and R. Kotlyar, Phys. Rev. 
B 69, 125330 (2004). 



Fig. 3 by Jin and Li 




50 100 150 200 

time t (in units:1/tl) 



